Introduction
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greater investment of resources for the plant. Hydraulic segmentation may occur in two ways.
114
During transpiration, the xylem pressure will always be greater in more distal parts of the 115 pathway (leaves and petioles). All else being equal, this translates to a greater probability of 116 embolism in distal organs. However, organs may also differ in their vulnerability to 117 embolism, compensating or exacerbating the effects of differences in xylem pressure along 118 the pathway. If leaves or petioles were more vulnerable to embolism than branches and the 119 trunk, then they would be far more likely to suffer embolism during periods of water-stress.
120
This would allow petioles, leaves , or even young branches (Rood et al., 121 2000), to become embolized without significant impact on the trunk and larger branches. In 122 grapevine, petioles have been described as extremely sensitive to cavitation (Ψ 50 ca. -1.0 123 MPa; Zufferey et al., 2011) . However, the hydraulic methods employed in these previous 124 studies have been shown to be prone to artifacts (Wheeler et al., 2013; Torres-Ruiz et al., 125 2015), necessitating the use of a non-invasive assessment of drought-induced embolism. (Charra-Vaskou et al., 2012; Torres-Ruiz et al., 2014; Dalla-Salda et al., 2014; Bouche 130 et al., 2016; Cochard et al., 2015; . Synchrotron-based tomography 131 facilities allow the visualization of intact plants, offering a non-invasive, in vivo estimation of 132 the loss of hydraulic conductivity within the xylem (Choat et al., 2016) . Moreover, the quality 133 of the X-ray beam in the synchrotron facilities provides high resolution and signal to noise 134 ratio, making image analysis simple and accurate.
135
If grapevine were as vulnerable to xylem embolism as suggested in some studies, 136 refilling of embolized vessels would be expected to occur on a frequent (daily) basis in order 137 to maintain hydraulic continuity (Sperry et al., 1994; Cochard et al., 2001; Charrier et al., 138 2013). Various refilling mechanisms have been proposed to date, including positive root/stem 139 pressure, and refilling while the xylem is under negative pressure via water droplet growth 140 (Salleo et al., 1996; Brodersen et al., 2010; . Positive pressure in xylem 141 sap can be related to mineral nutrition and soil temperature in autumn or spring (Ewers et al., 7 This process has been related to the chemistry of conduit walls (Holbrook & Zwieniecki, 147 1999), the geometry of interconduit bordered pits (Zwieniecki & Holbrook, 2000) , and 148 phloem unloading (Nardini et al., 2011) . While refilling via positive pressure has been 149 described frequently (Sperry et al. 1987; 1994; Cochard et al., 2001; 150 Améglio et al., 2004; Cobb et al., 2007) , refilling under negative pressure remains 151 controversial . In grapevine particularly, imaging techniques have 152 provided evidence of refilling in embolized vessels (Brodersen et al., 2010) , but uncertainties 153 remain regarding the xylem water potential measurement at the position of the scan.
154
The goal of the current study was to provide a non-invasive assessment of (i) the 
Results
166
HRCT imaging, and embolism vulnerability in V. vinifera and V. riparia were dark gray (i.e. air-filled) before re-watering (PLC = 86.8%; Figure 5D ). After 7.5 hours,
217
evidence of xylem refilling and an increase in the number of functional vessels was observed
218
( Figure 5E ), even though PLC was barely affected (PLC = 81.2%). After 15.5 hours, many 219 additional vessels had refilled, decreasing the PLC to 57.4% ( Figure 5F ). In contrast, in the 
232
Although not all plants exhibited individual vessels being refilled with sap or positive 233 pressure, significant changes in theoretical hydraulic conductance were only observed when 234 xylem pressures were positive (Fig. 7A ). Differences in water potential (P = 0.011) and PLC
235
(P = 0.006) were thus observed depending on the distance from the soil, among the 5 236 replicates (Fig. 7B ). as drought sensitive (Wheeler et al., 2005; Jacobsen & Pratt, 2012) , or drought resistant 241 (Choat et al., 2010; Brodersen et al., 2013) . Discrepancies among studies most probably lie in 242 methodological issues, especially considering that Vitis vinifera is a long-vesselled species 243 Rockwell et al., 2014; Zhang et al., 2014 
254
In view of the current debate on drought resistance of long-vesselled species (Sperry et 255 al., 2012; Sperry, 2013; Cochard et al, 2015) , results observed using Magnetic Resonance Imaging (MRI, Choat et al., 2010) , and HRCT 264 . Non-functional vessels (i.e. those that remained full of sap on our final 265 cut images), represented ca. 5% of the theoretical conductance and were not included in our 266 vulnerability curve analyses.
267
The high image resolution (ca. 3µm per voxel) provided by HRCT allowed the 268 computation of a theoretical conductivity according to the diameters of individual vessels via 269 the Hagen-Poiseuille equation (Figure 2 ; 3). Therefore, the theoretical loss of conductance could be quantified at various xylem water potentials (as in Brodersen et al., 2013) , whereas 271 previous studies qualitatively assessed PLC from the number of air-vs sap-filled vessels.
272
Combined with a high number of specimens at a wide range of water potentials, these results Acoustic Emission analysis (AE; Vergeynst et al., 2015) , and MRI (Choat et al., 2010) .
278
Although the source and signal interpretation qualitatively differ across non-invasive 279 techniques, numerous studies combining these techniques on various species measured similar 280 levels of embolism resistance (Choat et al., 2010; Charra-Vaskou et al., 2012; 281 Charrier Ponomarenko et al., 2014; Torres-Ruiz et al., 2014; Vergeynst et al., 282 2015). However, the Ψ 50 values observed in the current study are slightly less negative than season would increase embolism resistance in grapevine (Choat et al., 2010) . Our results
287
demonstrate genotypic differences on stem vulnerability curves between Vitis species (V.
288
vinifera vs. V. riparia; Figure 3 ) and are consistent with the higher drought-sensitivity of V.
289 riparia compared to V. arizonica and V. champinii .
290
Petioles were more vulnerable to embolism than stems in V. vinifera cv Cabernet conductance Scoffoni et al., 2014; Bouche et al., 2016) . These results
307
question the validity of stem water potential measurement using bagged leaves for high level 308 of stress (e.g. as presented on Fig. 6) i.e. when the leaf is hydraulically disconnected from the 309 stem. Although embolism in petioles could represent a "hydraulic fuse" at the leaf level,
310
under well-watered conditions, reduced transpiration (ca. 40%) substantially limits petiole 311 embolism to less than 20%. In addition, the relatively young plant material used in this study
312
(1 to 2 months old) is relatively vulnerable (Choat et al., 2010) , but typically would not 313 experience substantial drought in springtime.
314
A gradient in water potential along the entire plant might prevent embolism from
315
propagating from distal to proximal parts without considerable difference in an organs' 316 embolism vulnerability per se ( Fig. 6 ; Bouche et al., 2016) . However, major anatomical 317 differences in secondary growth, pit anatomy, and cell wall composition could also explain 318 the higher embolism resistance of lignified organs, presenting fewer nucleation points, and 319 lower primary xylem/secondary xylem ratio (Choat et al., 2005) . Resistance to embolism is 320 indeed tightly linked to xylem anatomy at the interspecific level , air 321 bubbles nucleating onto cell walls, and propagating through pores of pit membrane (Jansen et 322 al., 2009; Schenk et al., 2015) . Through the gradient in water potential and hydraulic 323 vulnerability segmentation, leaves and petioles isolate perennial parts of the plant from more 324 negative water potentials and hydraulic failure under water deficit in grapevine (as 325 demonstrated in this study) and some tropical tree species .
326
This study provides new lines of evidence regarding the potential artefacts that lead to 327 vulnerability curves with an 'exponential' shape. The ratio between vessel and sample length 328 impairs hydraulic measurements in long-vesselled species Martin-329 StPaul et al., 2014; Torres-Ruiz et al., 2014; Choat et al., 2016) , although this is disputed by 330 other studies (Sperry et al., 2012; Pratt et al., 2015) . Furthermore, the 'exponential' shaped 331 vulnerability curves imply that a grapevine stem would be 50% embolized before its leaf and 332 stomatal conductance decrease, which seems unlikely . Moreover, 333 investing carbon into structures (i.e. conduit walls) that would lose their function so readily seems unlikely, especially considering the functional importance of carbon in plant 335 physiology Sala et al., 2012; 336 Charrier . Finally, the minimal water potential experienced by a 337 plant on a seasonal basis (Ψ min ) is generally less negative than its Ψ 50 value (Choat et al., 338 2012).
339
The current study does not support high vulnerability of grapevine stems (Jacobsen et 340 al., 2015) . In the present study, drought-stressed V. vinifera plants (10% to 90% stem PLC)
341
were able to refill embolized vessels at the stem bases, but not the upper, distal stem portions
342
( Figure 5-6 ). When observed, embolism refilling was always associated with positive root 343 pressure (Fig. 7) , consistent with the results of . In the upper part the 344 xylem sap remained at negative pressure ( Fig. S2 ) and showed no refilling, even though 345 vessel associated cells remained alive (Fig. S1 ). Root pressure has been credited as a strategy 346 to recover from winter embolism ) and has been observed in various
347
angiosperm dicot species, such as Alnus sp (Sperry et al., 1994) , Betula sp (Sperry, 1988) ,
348
Juglans sp Charrier et al., 2013) , Vitis sp Sperry et al., 349 1987), and some tropical and temperate vines and lianas Cobb et al., 350 2007). These studies suggest that particular species are able to actively refill their vessels by without refilling observed at the apex (Fig. 7) for 2 months until they reach ca. 1m height and 1cm basal stem diameter (5 to 10 leaves).
415
Different sets of plants (n = 5 to 10 plants per pool) were used for HRCT scans, leaf hydraulic 416 conductance (K Leaf ), and gas exchange measurements (see below).
417
In the HRCT pool, 10 V. vinifera and 10 V. riparia plants were exposed to different 418 levels of water stress for one to three weeks to cover a wide range of water potentials. In Bouche et al. (2016) and Choat et al. (2016) , respectively.
455
Measurement of xylem pressure/tension
456
During rewatering experiments, xylem water potential was measured using three 457 different set-ups (Fig. S2 ). Two were dedicated to measure xylem negative pressure: scholander pressure chamber (described above), and psychrometers (PSY-1, ICT an adapter tube, filled with deionized and degassed water (Thitithanakul et al., 2012) . Data
469
was recorded on a CR1000 logger (Campbell, Logan, USA) at a time interval of 30 seconds.
470
Once the signal stabilized (ca. 15 min.), the base was cut and connected to the pressure 471 transducer following the same procedure.
472
Image analysis and vulnerability curves 473
On transverse cross section taken from the center of the scanned volume, the diameter and 474 area of each individual air-and sap-filled vessels (embolised and functional, respectively)
475
were measured in stems and/or petioles of each species using ImageJ software
476
(http://rsb.info.nih.gov/ij). Air-filled vessels were highly contrasted with surrounding tissues.
477
Thus a binary image was generated and vessels were extracted according to their dimensions, 478 discarding particles lower than 10µm² (ca. 4 pixels).
479
After synchrotron experiments, all stems and petiole samples were wrapped up in 480 moist paper and plastic bags and brought to the PIAF-INRA laboratory (Clermont Ferrand, 481 France). Samples were cut 2mm above the previously scanned area, and scanned again using
482
HRCT (Nanotom 180 XS; GE, Wunstorf, Germany) as described in Cochard et al. (2015) . 
495
The theoretical loss of hydraulic conductivity (PLC) was calculated as: 
503 with slp being the derivative at the inflexion point Ψ 50Stem .
504
The air entry point (Ψ e ) was estimated from eq. 3 as 50/slp +Ψ 50Stem (Domec and Gartner 505 2001).
506
Leaf hydraulic conductance
507
Loss of K Leaf was measured by using the rehydration kinetic method (Brodribb and 
526 with slp being the derivative at the inflexion point Ψ 50Leaf . 
546 with slp being the derivative at the inflexion point Ψ 50Leaf_Ap .
547
FDA staining
548
Detection of viability of x-ray exposed xylem cells was performed using a 9.6-μm FDA
549
(fluorescein-diacetate; Sigma-Aldrich, Milwaukee, WI) solution, in combination with 550 fluorescence light microscopy. One plant was analysed ten days after first exposure to x rays.
551
Stem slices were obtained from the exposed part and ten cm above this area. Supplementary figure S1 shows cell vitality at a distal part of grapevine stems, ten days after 574 x-Ray exposure by HRCT scans.
575
Supplementary figure S2 illustrates the recovery in water potential measured via different 576 methods i.e. stem psychrometer, pressure chamber and bagged leaf, and pressure transducer. 
